Escherichia cofi, the same CPS is used for arginine and pyrimidine synthesis, whereas in higher organisms different CPS enzymes are used for making pyrimidines and argininelurea.
Carbamoyl phosphate is also synthesized by carbamate kinase, an enzyme found in some bacteria that grow anaerobically using arginine as the major nutrient. Carbamate kinase uses ATP to phosphorylate carbamate reversibly, but its physiological role is to generate ATP from ADP and carbamoyl phosphate. The carbamoyl phosphate used in this reaction is generated from citrulline and phosphate by catabolic ornithine transcarbamylase.
T h e reactions catalysed by carbamate kinase
(1) and CPS (2) are compared below:
ATP+NH,COO-t-, ADP +NH,COOPO,H-
2ATP+HOCOO-+NH, -
2ADP+NH,COOPO3H-+P, (2)
Carbamate is in chemical equilibrium with bicarbonate and ammonia, but the equilibrium does not favour its synthesis [ 11. Compared with reaction ( l ) , reaction (2) hydrolyses an extra ATP molecule which is used to displace the equilibrium in the direction of carbamate syntheAbbreviation used: CPS, carbamoyl-phosphate synthase. by ammonia (HOCOOP03H-+ NH3+P, + NH2-COO-). The carbamate formed in this way is then phosphorylated in a final step which is identical to reaction (1). In addition to these steps, all CPSs except the enzyme from ureotelic organisms hydrolyse glutamine as the source of the NH3 used in the reaction.
General structure of CPS enzymes
In correspondence with the multiplicity of steps catalysed, CPS has a modular design, with different domains being involved in the various reaction steps. All well characterized CPSs share a basic structural plan and exhibit considerable sequence identity [2], irrespective of their origin or functional role. Bacterial CPSs, of which the E. coli enzyme is the best studied [3], are composed of two subunits of about 40 and 120 kDa, associated by non-covalent bonds (Figure 1) . The small subunit is responsible for hydrolysing glutamine, and the large subunit catalyses the entire reaction (2) and binds the effectors that modulate activity. In the ureotelic enzyme the two subunits are fused into a single polypeptide of about 160 kDa [4]. The pyrimidine-specific enzyme of eukaryotes is the largest enzymic component of a 243 kDa trifunctional polypeptide known as CAD, which also incorporates aspartate transcarbamylase, dihydro-orotase, and a relatively long linker which is essential for channelling carbamoyl phosphate to the trans- Carbamate and bicarbonate are analogues, and the step of bicarbonate phosphorylation is mechanistically similar to the phosphorylation of carbamate. In agreement with these chemical similarities of the two phosphorylation steps, the large subunit or equivalent region of CPSs exhibits internal homology between its N-and C-terminal halves; most of the sequence identities are confined to the 40 kDa N-terminal region of each half [ 181, which is the region that, in the C-terminal half, was aligned with carbamate kinase. In agreement with this identity, the 40 kDa region at the N-terminus of the subunit was shown in site-directed mutagenesis [17] and oxidative inactivation [ 161 experiments to be involved in the step of bicarbonate phosphorylation. Thus it appears that each of the two ATP molecules is bound and each phosphorylation step is catalysed at homologous 40 kDa carbamate kinase-like domains in each half of the large subunit. The existence of differences between the two ATP sites is reflected, in the ureotelic enzyme, in the exclusive oxidative cleavage by FeATP of the site involved in carbamate phosphorylation, even in the presence of the activator acetylglutamate, when both sites can bind ATP. The existence of these phosphorylation domains as separate physical entities is supported by the observation that proteases cleave the large subunit (or equivalent region) at an [171.
Volume 23 approximately equivalent site in each half of the large subunit, at the end of each homologous 40 kDa region (reviewed in [19] ). Thus each half of the large subunit consists of this domain and of a C-terminal domain of about 20 kDa, and the two domains are joined by a highly exposed hinge which is cleaved by the proteases. The two homologous 40 kDa domains interact with the small subunit via approximately equivalent regions mapping towards the N-terminal end of the domains [8] . T o account for the topography of these regions of interaction with the small subunit, it was proposed [9, 20] that both 40 kDa homologous domains are associated as a pseudohomodimer in complementary isologous association ( Figure Z) , an organization that is consistent with the homodimeric nature of carbamate kinase. We recently crystallized carbamate kinase in a form suitable for X-ray diffraction [21] and we are working on the determination of its structure, hoping that such structure will shed light (Figure 3 ) the existence of a polyglycine sequence that tends to be conserved and which is reminiscent of the glycine-rich loop of variable sequence that contains no lysine residues and which is a central feature of the ATP sites of protein kinases, glutathione synthase and class I1 aminoacyl-tRNA synthases [25] . Replacement by isoleucine of conserved glycines in this sequence in the N-terminal or C-terminal half of CPS from E. coli (Figure 3 ) was selectively detrimental, respectively, to the phosphorylation of bicarbonate or carbamate [ 171. The tri-dimensional structure of biotin carboxylase became available recently [26] . In this structure the sequence aligned in Figure 3 is part of a domain (domain B) which extends away from the body of 
GYPVIIKASG--GGGGRGMR CACC 305 GYPWIKASE--GGGGKGIR rPCCa 206
GYPWIKASA--GGGGKGMR yPC 172 GYPVIIKAAF--GGGGRGUR the enzyme and which was proposed to be involved in the interaction with another protein component or to act as a lid that closes down on the active site. T h e rapid FeATP-dependent oxidative cleavage of CPS at this site clearly supports this latter possibility.
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Carbamate synthesis from carboxyphosphate
In addition to producing carboxyphosphate, the 40 kDa carbamate kinase-like domain of the Nterminal half of the large subunit of CPS is involved in the step of carbamate synthesis, as the replacement in this domain of His-243 by Asn abolished this reaction step [27] . A similar reaction of carboxyphosphate with a nitrogen atom is catalysed by the biotin carboxylase component of biotin enzymes [22, 23] . The nitrogen atom in this case is a part of biotin rather than ammonia. There are sequence similarities between part of biotin carboxylase and the carbamate kinase-like domains of CPS [24] . The residue (His-243) shown in CPS to be involved in carbamate synthesis is within the region of identity. The analogous residue in biotin enzymes is a strictly conserved arginine [24] . If, as suggested by these data, carbamate is synthesized by CPS by the same domain that phosphorylates bicarbonate (Figure 2) , the carbamate will have to be transferred, possibly across the domain interface, to the homologous carbamate kinaselike domain in the C-terminal half of the subunit in order to be phosphorylated.
Modulation of CPS
The activity of CPS is generally controlled by allosteric effectors, which differ with the function and source of the synthase but which influence the apparent affinity of the enzyme for the ATP molecules used in the reaction. Both phosphorylation steps are influenced by the effectors, although in variable proportions depending on the enzyme [3, 13, 28] . Ureotelic CPS requires the virtually essential activator N-acetyl-L-glutamate [13] , whereas the E. coli enzyme is activated by ornithine (a precursor of arginine) and by the purine IMP, and is inhibited by the pyrimidine UMP [3] . In CAD, CPS is activated by phosphoribosyl pyrophosphate and is inhibited by UTP [28] . In the Uru2 gene product of yeast, UTP inhibits both CPS and aspartate transcarbamylase activities [6] . Acetylglutamate in the rat enzyme [29] , UMP [20] and IMP [30] in the E. coli enzyme and U T P and phosphoribosyl pyrophosphate in CAD [28] bind to the C-terminal 20 kDa domain of the large subunit, and these effectors and the activator ornithine of the E. coli enzyme greatly influence the susceptibility to proteases of the hinge joining this C-terminal domain to the remainder of the enzyme [19, 20, 29, 30] . In addition, acetylglutamate influences the relative orientation of two proximate cysteines present in this hinge in the ureotelic enzyme, favouring an orientation in which the formation of a disulphide bridge joining the two cysteines is facilitated [ 161. In sum, it appears that the effectors change the structural relationship of the Cterminal 20 kDa domain of the large subunit (a domain which we have called the allosteric domain) with other domains of the enzyme. In the model for the folding of the large subunit as a pseudohomodimer of the two homologous carbamate kinase-like regions (Figure 2 ), the allosteric domain interacts with both catalytic domains, explaining the influence of the effectors on both phosphorylation steps and the changes in the thermal stability of the protein observed when the allosteric domain is deleted [9] .
Regions of interaction with the effectors map towards the middle of the allosteric domain [31] . UMP is photocross-linked to the sequence (989)LVNK of the E. coli enzyme, most likely to the lysine residue within this sequence. T h e allosteric domain of CPS may resemble the regulatory subunit of aspartate transcarbamylase from E. coli: they are of similar size and bind a purine activator and a pyrimidine inhibitor at overlapping sites, and in both a lysine is involved in the interaction with the base of the nucleotide effector [32] . Although comparison of the sequences does not demonstrate conclusively the existence of homology, in the product of the Ura2 gene both CPS and aspartate transcarbamylase activities are inhibited by UTP, and the inhibition appears to be mediated via the synthase, suggesting that CPS contains an element that is functionally equivalent to the regulatory subunit of the transcarbamylase of E. coli [6] . A definitive answer to this question will require the determination of the structure of CPS using X-ray crystallography. We have prepared crystals of the ureotelic enzyme and we are beginning diffraction studies with these crystals [33] .
Deletion of the allosteric domain results in inactivation of CPS [9] . In ureotelic CPS even disulphide bridge formation between the proximate cysteines at the hinge joining the allosteric 
